\UN M A.1;5%T F] T . SECURITY CLASSIFICATION OF THIS PAGE power levels, except in situations where very high peak power levels are required. The hydrogen oxygen regenerative fuel cell is best suited to satisfying the high peak power needs in large power systems, but must undergo significant development to obtain the needed system life.
I. INTRODUCTION
The power requirements of orbital and space flight vehicles have been increasing since the inception of the space program. Power needs are expected to continue this trend, and appropriate energy storage technology to satisfy these power requirements must b. developed and qualified for use in a timely manner. The objectives of the work reported here are: * rst, assess the currently established and future requirements of the Air Force Space Division (AFSD) in the area of space vehicle power. Requirements will be expressed in terms of the time frame when a fixed technology is required, which is typically about 5 to 7 years prior to initial operational capajility.
Second, project how battery technologies are expected to develop in the future and correlate the various technologies with the AFSD requirements. Part of this projection will indicate the areas of technology development that are needed if the various battery systems are to satisfy the AFSD requirements.
Assessment of power requirements and battery technologies likely to satisfy these requirements will be done through the time frame where technolory is fixed by 1995 [or request for proposal (RFP) by 1995].
.p.. AFSD requirements for space vehicle power were assessed by contacting a wide cross section of Space Division (SD) programs, including both continuing programs and programs tasked with implementing advanced concepts, the latter programs sometimes being in an early conceptual state. The specific requirements that were evaluated as being pertinent to high energy density rechargeable batteries (HEDRBs) are: * Time frame when fixed technology is needed * Power levels (peak and average) 0
Weight and volume constraints
The assessment that has been done both evaluates the requirements and provides an indication of areas that tend to be mission constraints or design drivers for the various classes of programs.
The various HEDRB technologies have been previously reviewed in detail for their suitability in several advanced space vehicle concepts in an Air Force Wright Aeronautical Laboratories report that includes technology development through early 1983. In the report herein, an update of battery technology progress in the past 2 years will be presented along with current technology projections out to 1995. A significant input in the technology projections will be the incremental advances that each technology has experienced in the past several years. Because of funding cutbacks during this period, a number of technology areasthat have the potential to eventually provide power needs have not progressed rapidly and are therefore likely to entail a greater risk in terms of satisfying near-term (through 1995) power needs. The technologies considered in this report have been chosen specifically for their abilities to satisfy AFSD requirements, and are not necessarily chosen based on theoretical or long-term potential.
The technology areas that will be available to satisfy needs in the next 10 years are expected to be the NiCd, NiH 2 , and NaS batteries, as well as the hydrogen oxygen regenerative fuel cell. These systems are all expected to go through incremental increases in energy density in the next 10 years; therefore, are all discussed in the context of HEDRB. A number of other battery systems may provide potential benefits, but are not expected to be available as a fixed and adequately developed technology by 1995. These include the silver hydrogen, lithium iron sulfide, hydrogen halogen, zinc bromine, and ambient-temperature lithium rechargeable systems. These latter systems are discussed briefly, but no correlations with AFSD needs are presented.
II. ASSESSMENT OF POWER REQUIREMENTS
The AFSD program requirements were identified by discussions with AFSD and Aerospace program offices, with particular emphasis on obtaining the currently available information for the categories listed in Table 1 . This information was used as the basis for evaluating how the overall needs in the power area will be changing over the next decade. The location of batteries in the space vehicle was determined to not be a constraint.
No future programs have specified requirements for either internal or external battery placement at this time. Since battery placement can have significant impact on thermal design and thermal management, this variable appears to be available for system optimization.
The time frames in which advanced technology will be required fell into three general classes:
The first class consisted of programs that either were currently involved in, or would be entering into, an RFP phase within the next few years. These programs generally had relatively firm requirements, and in some cases firm design concepts as well. Out of 6 m'Z necessity these programs are constrained to use existing flight proven or qualified technology with incremental improvements where possible.
"
The second class of programs anticipated the RFP phase to occur in a 1990-1992 time frame. These programs have reasonable ideas of their power requirements, although it should be recognized that these requirements may be subject to significant changes in the future. This class of programs is generally open to using new battery technology for high energy systems, and, in some instances, may also consider power subsystem options other than batteries,
The third class of programs was primarily defined in terms of concepts that are expected to draw on technology that will be available in the 1995-1996 time frame. Power requirements cannot be defined closely in this class because the implementation of these concepts has not been defined in the necessary detail. However, the required power can generally be estimated accurately enough from the mission concepts to allow definition of the technology that will be required to provide the power needs.
The number of batteries in the subsystem and the bus voltage have not been defined by any but the most current programs. The only apparent constraint for the number of batteries results from the protection against single point failures that can be realized by having several parallel strings of cells or batteries to provide power. For programs requiring high Dower levels, it is likely that bus voltages significantly higher than those currently used will have to be employed to limit distribution losses. In this kind of high power system it may be desirable to employ hybrid battery operation, wh ere different batteries are used to serve different power functions or needs. For example, a smaller battery system may be used for housekeeping functions, whiie a large HEDHB or other power source may be employed for supplying hig. voltage power to a load. The number of battery cells in a string is expected to impact the methods used for charge control, cell redundancy in the string, and the application of bypass circuitry to protect against possible open-circuit cell failures.
For most programs the power requirements prior to full mission deployment are not well defined. These requirements include power needed during transfer and insertion into orbit as well as power needed prior to solar, panel deploymnent. Since these needs are mission specific, they are not specifically considered as part of the power needs presented in this report.
Miss.or, durations for GEO orbits and for high earth orbits were generally 10 years, with up to another 2 years of orbital storage required in some cases. A need was rct generally found for batteries that last well beyond the [10] [11] [12] year frame, primarily because other hardware items are expected to become life limiting beyond this time. LEO orbit missions generally have goals of 5 years, arid MAO missions 5 to 7 years depending on the orbit involved.
The types of orbits that are projected for future missions cover the range from 3. GEO to CEO, a wide range of MAO orbits, and LEO orbits. Eclipse * frequencies and durations thus vary quite widely depending on orbit.
In terms of battery capability most of these orbits are variations of either the LEO profile with many thousands of cycles over the mission life, or the GEO profile with 1000 to 2000 cycles expected. One exception is the high earth orbit (2. or 3. GEO) that is propused for some missions, which would involve a small number of relatively long eclipses.
The mission power requirements were found to generally increase over the perio, out to 1995. Some programs were found to drive tne power requirements, while a number of other programs expect to operate at lower power levels. The power requirements that are expected to drive the battery technology are summarized in Fig. 1 systems are expected to be satisfactory choices in meeting the power needs for orbits higher than LEO. For LEO orbits the nickel hydrogen system is expected to be used for power levels significantly above the 10-kW level. Programs requiring extremely high power levels, in the megawatt range, are not generally considering batteries for primary power needs. In these types of power systems, battery power has been considered for housekeeping power needs in Fig. 1 .
Autonomy needs for many SD programs are increasing and are expected to continue increasing in the future. Autonomy requirements for present and near term (through 1987) missions generally do not exceed 6 months in terms of totally unattended battery operation. However, for missions that will be using 1992 battery technology, some requirements are expected for extremely high levels of autonomy that would include unattendea power subsystem operation for many years. For the power subsystem and batteries, this means that the functions of charge control, dealing with degradation of the battery complement, and failure protection must be fully handled within the system.
For emerging technology it is necessary that these autonomous functions be easily and reliably implemented for those missions in which they are required. Autonomy levels are expected to continue increasing for programs beyond the 1992 time frame. Although no specific requirements were found to have been formulated at this time, it is likely that more programs will be requiring high levels of power subsystem autonomy beyond the 1992 time frame. . .'. -.
11.

HEDRB TECHNOLOGY ASSESSMENT
The objective of the assessment of battery technologies reported here is to provide an overview of recent advances in the various battery technologies that have the potential for satisfying AFSD space vehicle power needs. Technology development for each battery system will be projected through the 1995 time frame, in terms of the expected development based on present levels of effort and in terms of the development that is required for each system to be capable of meeting space power needs. The details of battery operation, chemistry, and development prior to about 1983 will not be discussed because this information has been previously presented for most of the advanced battery systems. Background technology and development information for the NiCd, NiH 2 , and regenerative fuel cell areas are presented in several publica-
A. NICKEL CADMIUM Nickel cadmium batteries have been the workhorse system in space vehicles until recent years when some of the programs have begun using nickel hydrogen batteries. However, nickel cadmium batteries will continue to be weight and cost effective for power levels below the 1-2 kW range.
"
The primary advantages of the nickel cadmium system over other systems are in the areas of thermal management and supporting structures, and are due largely to the prismatic cell design and low operating temperatures.
Another significant advantage is the sizeable data base that exists in terms of ground tests and flight data.
*
The primary drawback of the presently used prismatic nickel cadmium cell designs involves the inability to maintain performance when this desigr is scaled up to a capacity more than 50 Ah.
The main disadvantage of the NiCd system is its sensitivity to overcharge, particularly at elevated temperatures. For long life operation the degree of overcharge must be carefully limited and the cell thermal environment must be kept between -5 and 10 degrees C. The charge control methods required and the need for periodic reconditioning thus present some control problems that must yet be dealt with if fully autonomous operation is to be realized with NiCd batteries.
S1,
Nickel cadmium battery technology has been fixed for several decades:
however, incremental design changes continue over the years to improve this system in terms of life and energy density. For example:
"
Reductions in the electrode loading levels have been used in recent years to limit internal electrode stresses that are thought to cause cell degradation. Despite the improvement, nickel cadmium cells presently manufactured are not yet of a design that has been optimized for long life performance in space applications.
A program recently undertaken by Hughes Aircraft Company 5 has employed optimized electrodeposited nickel and cadmium electrodes, advanced separator systems, and special charge control methods to realize 43,000 cycles at 40% depth of discharge (DOD) in LEO tests, and several thousand cycles at 80% DOD in accelerated GEO cycling tests. These results indicate that significant improvements are possible in the present NiCd cells, and that these cells are likely to remain competitive for energy storage requirements below 1-2 kW. Table 2 (Section IV) use these values for projecting the performance of NiCd batteries relative to other systems.
The incremental advances in nickel cadmium battery technology that are expected in the next 10 years will require a continued effort in the test and verification areas. NiCd cell and battery tests must continue to be run with these advanced NiCd cells to verify the performance and to evaluate what the failure modes and life-limiting components are in the cells. Such test and data base generation must include real-time as well as accelerated testing for the types of orbits that the batteries are to be used in.
B. NICKEL HYDROGEN
Over the past several years nickel hydrogen batteries have been replacing nickel cadmium batteries in a number of space vehicle applications, particu-12 41 ~----larly in geosynchronous and high earth orbits. The test data base that currently exists for nickel hydrogen cells is discussed in Reference 4e.
0
The advantages of nickel hydrogen as opposed to nickel cadmium batteries that have driven this trend are projected long life, less sensitivity to overcharge or less-than-optimum charge control than NiCd batteries, higher usable energy density, and less need for reconditioning procedures.
a Disadvantages of nickel hydrogen relative to nickel cadmium are the greater volume of the cells, the larger and heavier supporting and thermal management structures that are needed, high self-discharge rates (up to 10% per day), less mature technology and lower manufacturability.
For the advanced high power subsystems required in the future by many programs, the energy density and long life make nickel hydrogen the system of choice. The lower sensitivity of nickel hydrogen to overcharge, overdischarge, and reconditioning makes this system somewhat easier to operate in an autonomous mode. However, nickel electrode failure, which appears to be the most likely end-of-life failure mode, is accelerated by overcharge and overdischarge at high rates. Therefore optimum cell life will require the use of appropriate charge control techniques to limit these stresses. It is likely that a sufficient data base will be available by the 1990 time frame to allow these cells to be used in flight programs. This program is described in a Space Power Workshop paper. 6 A second advanced concept involves a common pressure vessel containing a number of nickel hydrogen cells connected either in series or in parallel. Wh/lb in 1986 are expected to increase to about 1J 4 Wh/lb by 1995.
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C.
SODIUM SULFUR
Sodium sulfur battery technology has made major advances in the past 10 years, and is currently at the point where it is receiving practical consideration for space vehicle applications.
"
The primary advantage of the sodium sulfur battery is its extremely high energy density compared to other battery systems, about 40-50 Wh/lb.
*
Other advantages include the wide operating temperature range, chemical simplicity (no parasitic reactions), zero self-discharge, and 100% coulombic efficiency.
The main disadvantages of the system are related to the known failure mode due to breakage Qf the ceramic electrolyte, the high operating temperature (300-400 degrees C), internal cell component corrosion, increases in cell impedance with time, and manufacturability.
One of the principal historical problems with sodium sulfur technology has been the fracturing of the electrolyte either during temperature cycling between ambient and operating temperatures, or during electrical cycling. A major reason why sodium sulfur technology is presently being considered for space power applications is that significant progress has been made in alleviating the electrolyte breakage failure modes. 8 Cells currently produced by FACC-Aeroneutronic Division have shown the ability to go through a number of temperature cycles between ambient and operating levels without fracturing the electrolyte. Cells on electrical cycling tests at AFWAL have demonstrated cycle capability consistent with GEO requirements. 6 Further improvements in electrolyte strength are being made by changes in the electrolyte fabrication procedures and by more effective electrolyte screening methods. This is an area where additional effort can make a significant impact on the usability and reliability of this technology, particularly for projected LEO types of applications.
Charge control systems for sodium sulfur batteries have a number of requirements that are much different from those of batteries presently in use. Since the batteries have no self-discharge, they may simply be charged up to a preset voltage per cell and then open circuited until discharge be-gins. It is likely that the current which is normally used to trickle-charge present-design batteries could be used for heaters that would be needed to maintain the battery thermal environment. The primary functions of the charge control system are likely to consist of battery temperature maintenance and system protection against failed cells. The principal end-of-life failure mode that is anticipated for cells is electrolyte breakage, which causes a high impedance condition in the cell. To maintain battery operation when this takes place and to protect against single-point failure modes, cell bypass circuitry will be necessary. The charge control system will have to detect failed cells, activate the bypass circuitry, and adjust the recharge voltage limits to reflect a lower number of cells. A sufficient number of cells would have to be put in each battery string to allow for the loss of some cells at end of life while maintaining a sufficient system voltage. This is more easily done for systems operating at higher voltages than those that are presently used.
A number of reliability issues need to be answered for sodium sulfur batteries, versions of which have been recently proposed by FACC-WDL. Continued testing of the batteries and cells as they evolve is necessary to obtain a data base that is sufficiently extensive to predict reliability as determined by electrolyte breakage failure modes. Battery reliability may also be impacted by the reliability of the bypass electronics that are necessary, since bypass electronics that can operate reliably over long periods of time at 300-400 degrees C are at this point only conceptual. The bypass circuitry probably must be in the high-temperature battery environment to prevent the bypass wiring from causing large thermal leakage 'pathways, and to save weight for the bypass wiring. Other factors that must be considered in the reliability issue are concerned with the probability of cell failure during initial heat-up, and the reliability of the technique chosen for initial heat-up if the battery is launched in the cool state (generally desirable to minimize the risk of electrolyte fracture in the launch environment).
The manufacturability of the sodium sulfur cell in the quantities needed for the futUre power needs represents a concern that must be eventually addressed. Factors that are critical for current sodium sulfur cell fabrication 16 V are part tolerances, reliability of weld and seal techniques and assembly with minimal extraneous contamination to the system. While it has been demonstrated by FACC that a few cells can be constructed without major difficulty, problems in these areas are likely to become significantly more critical in a larger volume factory-type assembly facility.
Corrosion of case, seal, and electrode materials in the high temperature sodium sulfur cell environment is a concern over 10-12 year usage periods that must be addressed in real-time tests, primarily because accelerated testing can only be done at the materials level. Corrosion processes are generally accelerated by temperature for ground test evaluation. However, for a sodium sulfur cell, temperature cannot be increased significantly above 400 degrees C to accelerate these processes; therefore, accelerated testing for corrosion concerns is difficult in the cell environment. For long periods of operation, even a very slow corrosion process can cause performance proolems, a situation that may dictate a lower or reduced range of operating temperatures for optimum life.
Sodium sulfur cells have a relatively high internal impedance compared to many other battery systems, which may limit their use in power systems where peak power requirements are more than 2-3 times the base load, since the battery must be designed for peak power rather than base power. Hybrid power system concepts may be useful in large systems to effectively satisfy high peak power requirements.
The data base on sodium sulfur cells that has been obtained recently in tests at AFWAL 6 ly due to the need for only a small electrolyzer unit because of the relatively long recharge time that is available. Energy densities significantly less than these numbers would be applicable to MAO orbits, for which recharge times decrease as the orbit altitude decreases. Energy densities were found to vary considerably depending on the various thermal and system design options that have been employed. However, since hydrogen oxygen RFC devices are much less efficient than batteries, a weight penalty for the low system efficiency would result from the increased solar array sizing that would be needed.
A feature of RFC devices is that they have good peak power capability,
c~.
being able to provide at least 10 times the base power. This capability may be useful for augmenting sodium sulfur batteries in high power systems at times of power pulses, or for satisfying high peak-power system needs in LEO missions. In this way solar panel and radiator sizing may be kept down while meeting the peak power needs.
The major concern with using RFC devices in systems that require a significant degree of autonomous operation is the reliability of some of the supporting mechanical hardware. While redundancy in the plumbing and mechanical hardware may be possible to provide high reliability levels, this effort will require careful analysis, redesign of existing systems, and demonstration, and is likely to entail significant weight penalties. A study of the potential applications of RFC devices to space power needs is currently being conducted by Hughes for AFWAL.
E. LITHIUM IRON SULFIDE
The lithium iron sulfide battery system has been developed for terrestrial applications at Argonne National Laboratories and is currently under further development by workers at Gould Incorporated. The major problem with this system is that average cell cycle life has been typically 400-500 cycles, with energy densities of less than 40 Wh/lb at the battery level. These performance levels do not effectively compete with present sodium sulfur technology, a performance gap that does not appear to be narrowing, and in fact has apparently widened over the past 2 years. Some of the work that is presently taking place at Gould may improve the performance of this system.
However intrinsic limitations to long-term operation appear to exist with current technology in the areas of separators, parasitic reactions, and electrode shape changes. It does not appear likely that this system will be able to meet the life and reliability requirements for space applications by the 1995 time frame.
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While the lithium iron sulfide system does not appear likely to compete effectively with sodium sulfur based on cycle life and energy density, it is clearly the best battery system that presently exists in terms of ability to deliver high peak power. Gould is presently working on this system for production of very high power, with current densities up to hundreds of amper'es per cm 2 . Although this work is highly exploratory and aimed at the production of megawatt-level pulses, it is clear that this system is the best candidate battery for extremely high power, and low to moderate cycle life applications.
F. LITHIUM IRON DISULFIDE
Some work has been done in the lithium iron disulfide system since the review of Ref.1, primarily at Gould. This system offers an energy density that is potentially as good as that of sodium sulfur, but which is largely conceptual, having not yet been demonstrated in long-term battery testing.
Recent work has shown that iron disulfide is not stable under the high temper-* ature conditions in lithium iron sulfide cells, making it necessary to sig--nificantly reduce the temperature and employ a different electrolyte. This is * likely to substantially reduce the peak power capability of the system.
Because the fundamental chemistry is not fixed and tested for this system at the present time, it appears unlikely that this battery system will be available by 1995 for the space power needs defined in this report.
G. SILVER HYDROGEN
The silver hydrogen battery system has been developed extensively for aerospace use in Europe, 7 and has provided excellent test results for the * space power requirements of many of the European space programs. This system * has somewhat better energy density than the nickel hydrogen system, but provides a much lower cycle life than does nickel hydrogen. This limitation is % due to relatively fundamental problems with the physical stability of the % silver electrode. There has been no indication of major advances in the silver hydrogen system in the past 2 years that would significantly advance the cycle life capability. Thus this battery system is not expected to be able to satisfy the future life requirements of space vehicle power needs with * the required reliability levels.
2o H.
HYDROGEN HALOGEN REGENERATIVE FUEL CELLS
The hydrogen bromine regenerative fuel cell has been proposed for space power applications, largely because it has the potential of energy efficiencies comparable to those obtained from the nickel cadmium and nickel hydrogen systems. Energy densities are projected as 22 Wh'lb, with improvements to 30
Wh lb possible.4 However, little test data related to how these fuel cells would be used in space venicles have been obtained. To realize the efficiency *"
advantages of the hydrogen bromine system, a reversible electrolyzer should be used. Such a unit has not been built and tested. Tests have been done using a system consisting of separate fuel cell and regeneration units, which was operated for 6 months and indicated that the electrodes were stable. 4
However, it is not clear that this test provides a reasonable indication of stability in a reversible cell. The problems with pumps, plumbing, and mechanical parts are also expected to be more severe for tiiis system than for the hydrogen oxygen RFC, due to the highly corrosive nature of the bromine fuel. While the hydrogen bromine fuel cell has potential advantages over the hydrogen oxygen RFC based on efficiency, the concerns surrounding pump and plumbing reliability and the fact that this system is presently larg, ly a paper concept make this fuel cell an unlikely candidate to provide a significant impact on space power usage by the 1995 time frame.
The hydrogen chlorine RFC is presently not as highly developed as the hydrogen bromine RFC, in that significant ground testing has not yet been done with separate fuel cell and electrolyzer units. This system is not projected to have as good efficiency as the hydrogen bromine RFC, and may have only %" slightly better energy density. It shares the problems due to the corrosive nature of the fuel and the poor reliability of the mechanical and plumbing hardware. This system is not expected to have a significant impact on space power usage.
I. ZINC BROMINE
This system, in spite of its rather low energy density, was projected in Lithi im iron disulfide cells, which were extensively developed by Exxon, have been produced in recent years by Jet Propulsion Laboratory and have snown cycling characteristics and energy densities similar to the lithium molybdenum disulfide cells de-cribed above. A battery composed of these cells has been placed in a real-time CEO test at Rockwell International, and has performed well through four eclipse seasons. 1 0 These results are too preliminary to indicate the feasibility of using the battery in a CEO application; however, it is expected that, for a 10-year operational period, additional development will be required. Again, these cells are not projected to satisfy the known power requirements through the 1995 time frame.
K. ADVANCED LITHIUM RECHARGEABLE SYSTEMS
Advanced lithium/sulfur dioxide rechargeable battery cells are under developmen' by several companies; however, these at present should be charac-22 terized as being in the research stage. The concept of a lithium/polymer battery cell is also under active research level investigation and development. While some progress has been made in both areas over the past 2 years, it is expected that a competitive end product is many years away. This technology, the feasibility of which has not been fully established, is certainly beyond the 1995 time frame covered by this assessment.
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IV. CORR~ELATION OF POWER REQUIREMENTS W:TH PROJECTED TECHNO~LOGY
The ranges of power that are required by SD programs through the 1995 time frame are indicated in Fig. 1, where each block represents a class of programs. There are a number of programs, generally at about 1-2 kW or lower, that are likely to continue to use NiCd batteries. However, the programs that require power levels much higher, than this are being driven by weight considerations to the nickel hydrogen system. This trend is already occurring for programs requiring over 2 kW. At much higher power levels (about 10 kW) the nickel hydrogen system begins to be large and heavy, creating a need for a significantly higher energy density battery system. The dashed lines in Fig. 1 indicate the relative power regions below which NiCd, nickel hydrogen, and a HEDRB are expected to be most useful. The programs starting in the 1990 time frame will begin to push the capability of the nickel hydrogen system.
By 1995 it is clear from Fig. 1 that a battery system having hiener energy density than nickel hydrogen will be needed, particularly for the MAO and GEO classes of programs. These higher orbits have projected needs for power levels in excess of 10 kW by the 19914 time frame.
To correlate the battery technologies that appear most likely to be able A to provide for program needs by 1995 with the needs in Fig. 1, projections of weight and life capabilities are presented in Table 2 . The weight and life of batteries needed to satisfy the maximum power needs are indicated for' the -1986, 1991-1992, and 1995-1996 time frames. The energy densities used it) and solar array systems are not included, since the details of these systems are in many cases mission-specific.
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The projections in Table 2 clearly show that, for higher orbit applica-'Ca tions, a battery system significantly higher in energy density than nickel hydrogen will be required at about 10 kW if battery weight is to be kept to about 10% of vehicle weight. For the classes of programs outlined in Fig. 1, this power level should be required between 1992 and 1995. The two highenergy-density systems that were pro ected in the previous section as being capable of providing flight-readcy rarcware prior to 1995 are the sodium suifur launch, the power system weight is not the design constraint that it is in higher orbits, except for the nickel cadmium system, which becomes prohibitively heavy at high power levels. Nickel hydrogen is expected to be adequate in terms of both weight and reliability for most LEO requirements. The requirement for a 5-year operating life (assumed to be without servicing) is a potential problem for both the RFC and the sodium sulfur system to meet.
However, those missions that require very high peak power may require the hydrogen oxygen fuel cell capability. With an appropriate development program, RFC units may be able to approach the life that is required for LEO
applications.
An area of need that is not clearly filled by any of the existing battery systems is the very high peak-power requirement. Sodium sulfur batteries must be designed for the peak power since the cells have significant internal impedance. RFCs have good peak power characteristics, but do not have the life and reliability that will be required for many missions. Although improved life and reliability may certainly be achieved through appropriate redundancy in life-limiting hardware, this will entail a significant weight penalty. Nickel hydrogen batteries can only supply peak power somewhat in excess of the base load. In the applications that require very high peak power levels, the nickel hydrogen system must be designed to handle the peaks. The RFC appears best able to handle the peak power requirements, although major development must be done to obtain the required life from RFC units.
The impact of the technologies presented in Table 2 on the space vehicle system in general becomes increasingly important as the power levels increase, and also because each energy storage technology has specific system impacts that must be considered. Thermal control and heat dissipation are critical in the high power systems that will be used in future space vehicles. It is likely that the power system must be integrated into the vehicle structure to improve thermal coupling and to minimize the supporting structures required for the batteries, particularly for nickel hydrogen batteries. It should be possible in many of these systems to use the battery system for shielding more critical components, since the batteries are quite insensitive to even quite large doses of radiation. Sodium sulfur batteries may be more isolated from the structure due to the high temperature operation. This poses a wEight penalty from thermal insulation and packaging; however, this also means that heat dissipation and thermal control may be less critical for sodium sulfur since the thermal environment of the battery must be decoupled from that of the vehicle. RFC units, even in the efficiency optimized design, have much lower efficiencies than do the battery systems (see Table 3 ). Radiators and heat pipes will be a significant factor in these systems in terms of both weight and integration into the vehicle design. The charge/discharge controllers that are required for all of the systems are not considered in this report in terms of weight. The weight of bypass circuitry is a significant factor for the sodium sulfur system, and may be required for the nickel hydrogen system. The RFC configuration is not yet established to the point where equivalent systems to protect against single point failures have been defined or implemented. It is certain that such systems will be necessary, and that they will add significantly to the RFC system weight. The considerations presented in Table 2 are based solely on battery weight, and do not include secondary effects of the different energy storage systems on the weight of the power system. The usable energy densities given in Missions that require autonomous operation should be able to satisfy these needs with either the nickel hydrogen or the sodium sulfur systems.
Although there are additional difficulties with autonomous operation of nickel cadmium batteries, such operation should be possible in the lower power systems that are expected to continue using NiCd batteries. Because it is relatively tolerant to environment and because charge control can be effectively accomplished with present systems, the nickel hydrogen battery system can be operated autonomously more easily than can the NiCd battery. The sodium sulfur system is particularly amenable to autonomous operation because its failure mode is relatively well understood, and the system response clear.
The chemical simplicity of the sodium sulfur system allows for simple charge V:
control without requiring adjustment to compensate for gradual degradation of performance. The RFC units are not at the developmental point where the failure modes and degradation characteristics have been clearly demonstrated. Based on system complexity and test results to date, these failure modes are expected to involve moving parts and plumbing, which could prove to be a significant problem for autonomous operatiori.
V. CONCLUSIONS
1.
Nickel cadmium and nickel hydrogen batteries can satisfy SD program power, needs through the early 1990s. Particularly for some geosynchronous and mid-altitude requirements, the sodium sulfur battery must be available for use by the early 1990s. The nickel hydrogen battery is expected to satisfy the majority of low-earth-orbit battery power needs through 1995.
2.
In low earth orbits, regenerative hydrogen oxygen fuel cells have a unique capability to satisfy projected mission requirements that involve very high peak power pulses. Significant reliability issues must be resolved before these fuel culls will be available for 5-year missions.
In higher orbits where very high peak-power levels are required, the fuel cell is an attractive alternative to either the nickel hydrogen or sodium sulfur systems, although the reliability issues for the fuel cell may preclude meeting the 7-10 year life requirements for missions by the mid-1990s.
3.
The nickel hydrogen and sodium sulfur systems appear best suited for autonomous power subsystem operation, a requirement by the early 1990s
for an increasing number of programs.
'.
4.
Development and testing of high energy density systems such as the sodium sulfur battery and hydrogen oxygen regenerative fuel cell should be implemented now if this technology is to be available by the mid-1990s when needed.
3.
i.
N'-' *LABORATORY OPERATIONS
The Laboratory Operations of The Aerospace Corporation is conducting experimental and theoretical investigations necessary for the evaluation and application of scientific advances to new military space systems. Versatility and flexibility have been developed to a high degree by the laboratory personnel in dealing with the many problems encountered in the nation's rapidly developing space systems. Expertise in the latest scientific developments is vital to the accomplishment of tasks related to these problems. The laboratories that contribute to this research are:
as. Aerophysics Laboratory: Launch vehicle and reentry aerodynamics and heat transfer, propulsion chemistry and fluid mechanics, structural mechanics, flight dynamics; high-temperature thermomechanics, gas kinetics and radiation; research in environmental chemistry and contamination; cw and pulsed chemical laser development including chemical kinetics, spectroscopy, optical resonators and beam pointing, atmospheric propagation, laser effects and countermeasures.
Chemistry and Physics Laboratory:
Atmospheric chemical reactions, atmospheric optics, light scattering, state-specific chemical reactions and radiation transport in rocket plumes, applied laser spectroscopy, laser chemistry, battery electrochemistry, space vacuum and radiation effects on materials, lu-*5-brication and surface phenomena, thermionic emission, photosensitive materials -. * and detectors, atomic frequency standards, and bioenvlronmental research and % monitoring.
Electronics Research Laboratory: Microelectronics, GaAs low-noise and power devices, semiconductor lasers, electromagnetic and optical propagation phenomena, quantum electronics, laser communications, lidar, and electro-optics; communication sciences, applied electronics, semiconductor crystal and device physics, radiometric imaging; millimeter-wave and microwave technology.
Information Sciences Research Office: Program verification, program translation, performance-sensitive system design, distributed architectures for spaceborne computers, fault-tolerant computer systems, artificial intelligence. and microelectronics applications.
Materials Sciences Laboratory:
Development of new materials: metal matrix composites, polymers, and new forms of carbon; component failure analysis and reliability; fracture mechanics and stress corrosion; evaluation of materials in space environment; materials performance in space transportation systems; analysis of systems vulnerability and survivability in enemy-induced environments.
Space Sciences Laboratory:
Atmospheric and ionospheric physics, radiation from the atmosphere, density and composition of the upper atmosphere, aurorae and airglow; magnetospheric physics, cosmic rays, generation and propagation of plasma waves in the magnetosphere; solar physics, infrared astronomy; the effIcts of nuclear explosions, magnetic storms, and solar activity on the earth's atmosphere, ionosphere, and magnetosphere; the effects of optical, electromagnetic, and particulate radiations in space on space systems. 
